ABSTRACT 11
INTRODUCTION 26
Regulated gene expression systems are a powerful tool to study physiology allowing, for ex-27 ample, dosage-effect studies, conditional expression of toxic alleles and depletion analysis of 28 essential genes; accordingly they are well developed for model organisms (1-7), but are miss-29 ing for many non-model organisms. Most systems rely on a transcriptional repressor that 30 tightly binds to operator sites in the promoter region of target genes in the absence of inducer 31 thereby preventing transcription; when inducer is present, it allosterically binds to and inacti-32 vates the transcriptional regulator leading to de-repression of promoters. Despite this simple 33 concept, identification of inducible promoters, its control elements and the inducing condi-34 tions in a particular organism is not always a trivial task. On the other hand, it is often difficult 35 to exploit a particular system for use in organisms other than the original host because of the 36 need for dedicated transporters for the inducer, a different promoter specificity of the RNA 37 polymerase holoenzyme or the requirement of a co-activator for full promoter activity (8) . 38
Some of these obstacles can be circumvented by engineering artificial inducible promoters by 39 placing a constitutive minimal promoter known to be active in a particular organism with op-40 erator sequences and the repressor of a heterologous system (2, 9, 10). We here describe such 41 a system for sphingomonads, a phylogenetically diverse group of environmentally abundant 42 bacteria comprising the genera Sphingomonas, Sphingobium, Novosphingobium and 43 Sphingopyxis (11). Members of this group are well known for their unusual ability to degrade a 44 wide range of compounds, including pesticides, herbicides, xenobiotics and many other aro-45 matics. Due to this property, they are prospective candidates for bioremediation; in addition, 46 several strains are used in industrial applications, and others have been described as potential 47 3 keeping promoter, Psyn2, derived from Sphingomonas sp. strain Fr1 (henceforth Sphingomonas 52 Fr1), we have developed a tight, highly inducible and rapidly responding conditional gene ex-53
pression system. We demonstrate its functionality in a number of different sphingomonads as 54 well as in more distantly related Alphaproteobacteria not belonging to the Sphingomonadales. 55
Due to the modular design of the system, core promoter sequences can be readily exchanged, 56 opening the possibility to adapt the system to other organisms as well. 57
on November 4, 2017 by guest http://aem.asm.org/ Downloaded from 7 buffer (8 mM Tris-HCl [pH 7.5], 40 mM NaCl) in a microfuge tube; the tube was placed in 1 L of 134 boiling water, which was then allowed to cool to room temperature during several hours. 135
Relevant plasmids are listed in Table 1 and oligonucleotides in Table S1 in the Supplemental 136
Material. 137
PQ5-based plasmids. pQF was assembled in multiple steps, mostly from synthetic DNA 138 (Invitrogen and MWG Operon Eurofins) and short dsDNA (generated by oligonucleotide 139 annealing) and details are outlined in the Supplemental Material. All other PQ5-based plasmids 140 are derivatives of pQF, except pQF-lacZ from which pQF itself is derived (see Supplemental 141
Material). The multiple cloning site (MCS) of pQF is flanked by sequences encoding triple-142 FLAG (3xFLAG) tags. Derivatives of pQF were obtained by exchanging the N-terminal 3xFLAG 143 tag for other affinity tags or fluorescent proteins while maintaining the reading frame of the 144 original MCS and the C-terminal 3xFLAG in all constructs. The N-terminal tags in the different 145 plasmids are as follows: pQF, 3xFLAG tag; pQH, HA tag; pQM, myc tag; pQG, EGFP; pQY, SYFP2; 146 pQR, mCherry; pQC, ECFP. Their construction is detailed in the following. pQH was generated 147 by replacing the HindIII/VspI-fragment of pQF by a fragment generated by annealing oligos 148 oJVZ1088 and oJVZ1089. Similarly, pQM was generated by replacing the HindIII/VspI-149 fragment of pQF by a fragment generated by annealing oligos oJVZ1090 and oJVZ1091. pQF-150 derivatives for C-terminal fusions to fluorescence proteins were constructed by replacing the 151 HindIII/VspI-fragment of pQF with PCR fragments encoding fluorescence proteins amplified 152 with oligos oJVZ1107 and oJVZ1108. PCR templates for genes encoding fluorescent proteins 153 were: pBBRBB-egfp (30) (Addgene plasmid 32549) for EGFP; pLM-sYFP2 (18) for SYFP2; 154 and allows fusion to the N-terminal HA tag). The pQH-derivative pQH2 contains the pBBR1 161 origin of replication (oriV) and was constructed by PCR-amplification of a fragment 162 containing rep, mob and oriT from pBBR1MCS5 (32) using oligos oJVZ1436 and oJVZ1437, 163 digestion with PscI/Eco147I and cloning in between the same sites of pQH. 164 lacZ reporter constructs. The lacZ transcriptional reporter plasmid pAK501 was 165 constructed in several steps that involved cloning of a putative transcriptional terminator, a 166 'low background' multiple cloning site (MCS) and the reporter gene lacZ in plasmid pCM62 167 (33), followed by exchange of the antibiotic resistance cassette and the origin of replication. 168
Individual steps are described in the following. First, TERM193, a fragment encompassing 169 tandem copies of a putative bidirectional transcriptional terminator encoded in the 170 Sphingomonas Fr1 genome, was amplified with oligo pair oJVZ745/oJVZ746 from pTOPO-171 TERM193 (see Fig. S1 ) and cloned into pCM62 via PscI/HindIII sites, generating plasmid 172 pAK127. Next, lacZ was amplified from E. coli BTH101 (Euromedex) using oligo pair 173 oJVZ1082/oJVZ1083 and cloned between the EcoRI/Acc65I sites of pAK127, resulting in the 174 lacZ reporter plasmid pAK127lacZ. Because pAK127lacZ had a high background lacZ activity 175 despite the presence of terminators, the MCS of pAK127lacZ was replaced by another MCS 176 generated by cloning annealed oligos (oJVZ1086 and oJVZ1087) between the HindIII/Acc65I 177 sites of pAK127lacZ, giving pAK127lacZ(MCS). This plasmid showed an approximately 10-fold 178 reduced background compared to its parent. To construct pAK501, the 'lacZ reporter cassette' 179 of pAK127lacZ(MCS) comprising TERM193-MCS-lacZ was combined in several steps with a 180 different broad-host-range oriV (pSV1) and a different antibiotics resistant marker (cat). To 181 this end, pAK200Cm was first constructed by PCR-amplification of cat from pBAD33 (1) using 182 oligo pair oJVZ1103/oJVZ1104 and cloning the BamHI/BcuI-digested PCR product between 183 the BglII/BcuI sites of pAK200 (18). Construction of the rpmBp mutant promoter library is described in a separate section (see 200 below). 201 luxCDABE reporter constructs. To construct pQ5-lux, a fragment containing PQ5 and 202 cymR* was subcloned from pQF-lacZ into the luciferase reporter plasmid pLM05 (27) using 203 restriction sites NotI/Acc65I. pQ2148-lux was constructed in several steps. First, Psyn2 of 204 plasmid pQH was replaced by a fragment containing the META1_2148 promoter generated by 205 oligo annealing of oJVZ1434 and oJVZ1435 using HpaI/BsrGI restriction sites, giving plasmid 206 pQ2148. Then, as an intermediary step, a XbaI/EcoRI fragment of pAK127lacZ(MCS) 207 containing lacZ was inserted between the SpeI/EcoRI sites of pQ2148, generating pQ2148-208 lacZ. Finally, a fragment containing cymR* and PQ2148 was subcloned from pQ2148-lacZ into 209 pLM05 using NotI/Acc65I sites, giving pQ2148-lux. 210
Other plasmids. pQH-PhyP was constructed by amplifying phyP with primers oJVZ534 211 on November 4, 2017 by guest http://aem.asm.org/ Downloaded from and oJVZ1093, digestion with HindIII/Acc65I and ligation into pQH digested with the same 212 enzymes; in this construct, PhyP is fused to a 3xFLAG-tag at its C-terminus and the expression 213 of the PhyP-3xFLAG fusion is driven by PQ5 and the natural phyP ribosome binding site (RBS). 214 pAK200-QPhyP was derived by subcloning a PscI/EcoRI fragment of pQH-PhyP into pAK200 215 digested with the same enzymes. This plasmid carries the pBBR oriV and is thus compatible 216 with the pAK501 reporter plasmid (pSV1 oriV) and pCM62-based plasmids (IncP oriV). 217 pCM62-PhyR and pCM62-PhyR(D194A) have been described previously (18) . (Table S2) were subjected to a motif search by MEME 224 (36) with the following parameters: distribution of motif occurrences, 'zero or one per 225 sequence'; number of different motifs, 15; minimum number of sites, 5; maximum number of 226 sites, 30; minimum motif width, 20; maximum motif width, 50; searching, 'given strand only'. 227
Putative rpmB promoter sequences of sphingomonads were retrieved from the IMG website 228 and aligned using MultAlin (37) using symbol comparison table 'DNA' and default parameters. (Table S2) were subjected to a motif 249 search using the MEME suite (36). The conserved motif TTGACN-N17-TANNNGC resembling 250 the σ 70 -dependent promoter consensus of E. coli (TTGACA-N17-TATAAT) was identified in 11 251 out of 23 putative promoter regions by MEME (Fig. 1A) and 7 additional putative promoters 252 from the original set could be manually aligned to this consensus (Fig. 1B) . We focused in the 253 following on one of those promoters, rpmBp, which drives expression of the gene encoding 254 ribosomal protein L28 (Sphme2DRAFT_0682). 255
Alignment of the putative rpmBp regions of different sphingomonads showed that the 256 presumed promoter motif is the most conserved part in the rpmB upstream region with the 257 putative -35 box consensus TTGACN and the -10 box consensus TANNNGC (Fig. S3) , suggest-258 ing the identified motif is the true promoter of rpmB. However, the wild-type rpmB promoter 259 was rather weak when tested as a transcriptional fusion to E. coli lacZ (data not shown). We 260 reasoned that changing non-conserved nucleotides in the -10 and -35 boxes (see above) could 261 generate a stronger promoter and thus screened a library of mutant rpmBp promoters in 262 which those nucleotides had been randomized for increased activity (see Material and Meth-263 on November 4, 2017 by guest http://aem.asm.org/ Downloaded from ods). Among the 14 promoters identified in this screen (Fig. S4 ), five were identical with the 264 core promoter motif TTGACG-N17-TAACTGC and the corresponding 44-bp-fragment ranging 265 from positions -43 to +1 is referred to as Psyn2 in the following (Fig. 1C) . 266
267

Construction of a cumate-inducible promoter 268
In order to render Psyn2 regulated, we combined it with the control elements of the Pseudomo-269 nas putida F1 cym/cmt system, i.e. the transcriptional repressor CymR and its corresponding 270 operator sites (CuO) (17). This system was chosen because the inexpensive inducer cumate is 271 membrane permeable, i.e. does not require any dedicated transporter, and Sphingomonas Fr1 272 apparently cannot metabolize it since its genome lacks homologs of cumate utilization genes. 273
These features should make induction stable with minimal interference with physiology. 274
Because it is difficult to predict the behavior of a promoter when placed under control of het-275 erologous regulatory elements (38), several arrangements of Psyn2 with CuO operator se-276 quences and different promoters for cymR were tested (data not shown). In the final configu-277 ration shown in Fig. 2 , the cumate-inducible promoter, referred to as PQ5, consists of Psyn2 278 flanked by two CuO operator sequences; expression of a high-GC-content codon-optimized 279 gene for the CymR repressor (cymR*) is driven divergently by a modified bla promoter (Pbla-280 mut1T) in which the -35 box has been changed to TTGACA and the -10 box to TACAAT. This unit 281 has been assembled together with a multiple cloning site flanked by sequences encoding 282 tripe-FLAG (3xFLAG) tags into plasmid pCM62 (33), generating plasmid pQF. Details on con-283 struction of pQF are given in the Supplemental Material and Methods and Fig. S2 . 284
285
Characterization of PQ5 286
To test whether E. coli lacZ could be used as a reporter gene for measuring cumate-dependent 287 gene expression, we first determined endogenous β-galactosidase activity of Sphingomonas 288 PQ5 with lacZ was used (plasmid pQF-lacZ) and promoter activity was followed by measuring 293 β-galactosidase activity of Sphingomonas Fr1/pQF-lacZ cultures grown with different cumate 294 concentrations. As seen from the dose-response curve in Fig. 3A , PQ5 steady-state activity was 295 dependent on the inducer concentration and showed a maximal induction ratio of >250-fold 296 at 25 and 50 μM cumate (see also Table 2 ). We noted that at cumate concentrations of >10 μM 297 growth was somewhat impaired. However, this was likely due to the high expression level of 298 lacZ and not due to the cumate concentration itself because Sphingomonas Fr1 without plas-299 mid pQF-lacZ or carrying another gene, phyP, under PQ5 control (see below) did not show any 300 growth defect even at 100 μM cumate. In time-course experiments, addition of 50 μM cumate 301 to an exponentially growing non-induced culture of the same strain (Sphingomonas Fr1/pQF-302 lacZ) led to a rapid and sustained increase in β-galactosidase activity that was apparent within 303 ten minutes after induction and peaked after three hours (Fig. 3B) . The difference in absolute 304 lacZ expression between the experiments shown in Fig 3A and Fig 3B is 
PQ5 allows gene depletion analysis 309
One of the most informative applications of conditional gene expression systems is the study 310 of essential genes by depletion analysis. To test whether this was possible with PQ5, we chose 311 the essential gene, phyP, of Sphingomonas Fr1 (18). phyP encodes a putative phosphatase of 312 the response regulator PhyR that is a master regulator of the general stress response (GSR) in 313 Alphaproteobacteria (39). phyP cannot be deleted unless phyR is also deleted or replaced by 314 on November 4, 2017 by guest http://aem.asm.org/ Downloaded from the phyR D194A allele encoding a non-phosphorylatable version of PhyR, suggesting that phos-315 phorylation of PhyR is the cause of lethality. Accordingly, it has been proposed that phyP is 316 essential because its deletion would lead to overactivation of the GSR (18). 317
To test this hypothesis, we used a strain deleted for chromosomal phyP and phyR 318 (strain JVZ1357) (18) complemented in trans with a functional PhyP-3xFLAG fusion expressed 319 under control of PQ5 (plasmid pAK200-QPhyP) and phyR under control of its own promoter 320 (plasmid pCM62-PhyR). As a read-out for activation of the GSR, this strain also harbored a 321 plasmid carrying the nepRp-lacZ + transcriptional fusion (plasmid pAK501-nepRp) in which 322 lacZ expression is driven by the previously mapped, PhyR-dependent nepR promoter (18). 323
Growth of this strain on LB agar or in liquid LB required the addition of cumate (data not 324 shown), suggesting that in the absence of cumate PhyP-3xFLAG was depleted below the level 325 it is required for viability. When grown in liquid culture containing cumate, removal of the in-326 ducer by extensive washing and dilution into fresh medium lacking cumate (OD600 of 0.025) 327 resulted in growth arrest in exponential phase (OD600 of ca. 2) after 6-7 generations; in con-328 trast, when the same culture was diluted into fresh medium containing cumate, growth was 329 normal and continued until reaching stationary phase (OD600 of >10). Western blots con-330 firmed that PhyP-3xFLAG levels were dramatically decreased in the depleted strain compared 331 to the non-depleted strain (Fig. 4A) . Decreased levels of PhyP-3xFLAG correlated with in-332 creased nepRp-lacZ + activity as measured with β-galactosidase assays (Fig. 4B), demonstrating  333 that, indeed, loss of PhyP leads to GSR overactivation. As expected, a control strain expressing 334 non-phosphorylatable PhyR D194A (plasmid pCM62-PhyR(D194A)) instead of wild-type PhyR 335 displayed reduced nepRp-lacZ + activity and showed no dependence on cumate with respect to 336 growth (data not shown) and GSR activation (Fig. 4) . Similar results were obtained for other-337 wise isogenic strains lacking pAK501-nepRp (data not shown), indicating that the observed 338 phenotypes were not an artifact of lacZ expression. Altogether these results verify that phyR is 339 epistatic to phyP (18) and support the idea that phyP is essential because it prevents detri-340 
Use of PQ5 in other Alphaproteobacteria 345
To broaden the potential use of our system, we first tested it in a number of other 346 sphingomonads using plasmid pQF-lacZ. As seen from Table 1 , in all cases high induction rati-347
os of approximately 100-to 1000-fold between non-induced and cumate-induced cultures 348 were obtained as measured by β-galactosidase assays. In the cases where the induction ratio 349 was even higher than in Sphingomonas Fr1, this rather stemmed from a tighter repression 350 than higher promoter activity. Indeed, Sphingomonas Fr1 displayed the highest absolute β-351
galactosidase activity of all strains tested. In general, we speculate that strain-specific differ-352 ences in induction ratios and absolute β-galactosidase activity can be attributed to different 353 strengths of PQ5 and/or the promoter driving expression of CymR, Pbla-mut1T, although we can-354 not exclude other factors. 
